Introduction
COPD is an environmental-related health problem and is the fourth leading cause of death worldwide. 1 It is estimated that this condition will become the third leading cause of death worldwide by 2020. COPD currently affects ~10% of the population older than 45 years and 50% of heavy smokers. 2 Notably, the Global Initiative for Chronic Obstructive Lung Disease (GOLD) reported that high levels of air pollution indoors/outdoors are deleterious to individuals with existing pulmonary disease. 1 However, the mechanisms of the responses to exposure to outdoor air pollution involved in the development of COPD remain unclear. 1 Therefore, an investigation of the mechanisms of the effects of air pollution on patients with COPD is crucial for understanding the pathogenesis of COPD.
Air pollutants such as particulate matter ,10 μm in aerodynamic diameter (PM 10 ) at levels typically produced from combustion processes have been linked to adverse health effects, including exacerbation of preexisting respiratory diseases such as COPD. 3 For example, the physiological effects of PM 10 on lung function have been studied for several decades, and a number of studies reported an association of exposure to PM 10 with COPD. Schikowski et al 4 demonstrated chronic effects of PM 10 on the prevalence and incidence of COPD. Kumar et al 3 further showed that the risk of acute exacerbation ) were 54% more likely than the reference group to be admitted for acute exacerbation of COPD. The lungs are the primary organ of entry for airborne agents; therefore, clearance of deposited foreign materials from the lungs is critical for whole-body defense. When particles are inhaled into the lungs, several biological mechanisms may be altered, particularly oxidative stress and inflammation.
COPD is not fully reversible and is associated with pathological changes in the proximal and peripheral airways, lung parenchyma, and pulmonary vasculature. 1 Chronic inflammation in the lungs of COPD patients results in structural changes and narrowing of the small airways. The inflammatory responses and narrowing of peripheral airways in COPD cause a reduction in the forced expiratory volume in the first second (FEV 1 ). Emphysema-driven parenchymal destruction contributes to airflow limitations. 5 Repair and defense mechanisms become abnormal during the progression of COPD. For example, in patients with COPD, chronic inflammation resulting from repeated injury and repair and an increased number of inflammatory cell types are observed in the airways, lung parenchyma, and pulmonary vasculature. With regard to the pathogenesis of COPD, several mechanisms contribute to the persistence of lung inflammation after smoking cessation. 6 However, possible mechanisms underlying PM 10 -driven COPD development/progression remain unclear.
Autophagy is considered to be an important inflammatory pathway involved in the development of COPD. 7 Cigarette smoke was identified as an important determinant of increasing oxidative damage to the epithelium, and this process involves autophagic pathways. 8 Gannon et al 9 reported that significant mitochondrial damage and an increase in beclin 1 protein expression were induced in mice after exposure to cigarette smoke. Furthermore, an in vitro study showed that PM 10 -driven oxidative damage was associated with an increase in beclin 1 protein expression, 10 suggesting that autophagy plays an important role in regulating particle cytotoxicity; however, the potential mechanisms underlying PM-induced autophagy in COPD remain unclear.
The objective of this study was to investigate PM 10 -related pathogenesis of COPD. First, clinically relevant indicators/ biomarkers for identifying the progression of COPD (such as lung function, oxygen saturation, oxidative stress, and inflammation) were correlated with corresponding PM 10 levels in patients with severe COPD. Biomarkers for the ubiquitin-proteasome system and autophagy were related to PM 10 in COPD. Finally, associations of ubiquitin and autophagy with lung function, oxygen saturation, and inflammatory biomarkers were determined in order to understand the potential pathogenic effects of COPD caused by PM 10 .
Methods

ethical considerations
The ethics committees of Taipei Medical University-Joint Institutional Review Board approved the study protocol (no 201310027 
study design and population
This was a retrospective study evaluating the effects of particulate air pollution on pulmonary-to-systemic responses in patients with COPD. COPD patients at GOLD stages III and IV and healthy controls (nonsmokers and smokers) were recruited in a medical center in New Taipei City, Taiwan, between January 2013 and December 2014. All subjects were between 40 years and 80 years of age at the time of inclusion. All COPD subjects were informed of the diagnosis and exhibited postbronchodilation FEV 1 /forced vital capacity (FVC) ratios of ,70%. Subjects without COPD exhibited an FEV 1 /FVC ratio of $75% and FEV 1 of $80% of the predicted value. Definitions of COPD GOLD stages were FEV 1 of $80% predicted for stage I (mild COPD), FEV 1 of 50%-79% predicted for stage II (moderate COPD), FEV 1 of 30%-49% predicted for stage III (severe COPD), and FEV 1 of ,30% predicted for stage IV (very severe COPD).
1 Patients diagnosed with current cancer or active inflammatory disease or who experienced exacerbation during 4 weeks prior to the study were excluded. Prior to recruitment in the study, a physical examination was performed, and a clinical interview was carried out regarding smoking, comorbidities, and medication use. All COPD subjects continued with a stable regimen of medications throughout the study.
lung function test and oxygen saturation
Spirometry, body plethysmography, and lung diffusion capacity testing were carried out according to the European 
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PM 10 -related pathogenesis of COPD Respiratory Society. 11 Subjects performed the lung function test at the time of recruitment using a MasterScreen™ body plethysmograph (CareFusion, San Diego, CA, USA). Postbronchodilation measurements for FEV 1 and FVC were taken, and the ratio of FEV 1 /FVC was calculated. The ratio of the residual volume to total lung capacity (RV/TLC) and diffusion capacity of the lung for carbon monoxide (D L CO) were obtained and presented as percentages of predicted values. Exercise capacity was assessed with the 6-minute walking distance (6-MWD) test, according to American Thoracic Society guidelines. 12 The scale was validated and shown to be reliable for evaluating the exercise capacity of persons with COPD. 13 Patients were instructed to walk as far as possible but were allowed to stop and rest when necessary. Before and after the 6-MWD test, arterial oxygen saturation (SaO 2 ) was analyzed using blood gas analyze. The difference in SaO 2 before and after the 6-MWD (ΔSaO 2 ) was obtained. Serum samples were obtained at the time of recruitment and stored at -80°C for later analysis.
PM 10 exposure assessment
Corresponding PM 10 data for each subject were obtained from 25 monitoring stations (operated by the Taiwan Environmental Protection Administration, Taiwan). Daily concentrations of PM 10 were obtained from the Environmental Protection Administration, Taiwan (http://taqm.epa. gov.tw/taqm/tw/default.aspx). If a subject resided within 10 km of multiple monitoring stations, a weighted average was used to calculate PM 10 levels. PM 10 data were used to estimate 1-year effects of PM 10 on COPD.
enzyme-linked immunosorbent assay
Enzyme-linked immunosorbent assays (ELISAs) were used to determine the serum (circulating) levels of 8-isoprostane (Cayman Chemical Company, Ann Arbor, MI, USA), interleukin (IL)-6 (R&D System, Inc., Minneapolis, MN, USA), receptor for advanced glycation end-products (RAGE; R&D System, Inc.), carbonyl oxidation (Cell Biolabs, San Diego, CA, USA), ubiquitin (R&D System, Inc.), proteasome activity (Enzo, Farmingdale, ST, USA), and beclin 1 (MyBioSource, San Diego, CA, USA) according to the manufacturer's instructions.
statistical analysis
All enzyme-linked immunosorbent assay experiments were performed at least three times. Data are expressed as the mean ± standard deviation (SD). For multiple-comparison analyses, a one-way analysis of variance with Tukey's post hoc test was used. Spearman's rank correlation coefficient was used to examine the correlation of quintiles of PM 10 
Results
Characterization of the study population
Forty-three subjects with COPD stage III or IV and 15 healthy controls (including both nonsmokers and smokers) were enrolled in the study. Detailed baseline characteristics of the 58 subjects in the study population are presented in Table 1 . Ages of the healthy controls and COPD patients were 63.8±11.6 years and 70.3±9.0 years, respectively. The majority of COPD subjects were men (93.0%), whereas the healthy controls consisted of 53.3% men. The body mass index ranged 23.0-23.6 kg/m 2 . The current smoking percentage among COPD subjects was 9.3%. The 1-year exposure to PM 10 associations of ubiquitin and beclin 1 with D l CO, ΔsaO 2 , Il-6, and rage
Spearman's rank correlation coefficients were used to further determine associations of PM 10 -related ubiquitin and beclin 1 with the four PM 10 -related index/markers (ie, D L CO, ΔSaO 2 , IL-6, and RAGE; Figure 4 ). We observed 
Discussion
Chronic pulmonary exposure to traffic-related air pollution has been linked to the development of COPD; 14 however, the air pollution-associated pathogenesis of COPD is not yet fully understood. This study showed a pathogenic association of autophagy with the lung diffusion capacity and oxygen saturation regulated by particulate air pollution in patients with severe COPD. Three major findings are reported in the present study: 1) reductions in the lung diffusion capacity and oxygen saturation occurred after exercise in COPD subjects due to PM 10 , 2) expressions of IL-6, RAGE, ubiquitin, and beclin 1 in COPD subjects were altered by PM 10 , and 3) PM 10 -related beclin 1 was associated with the lung diffusion capacity, oxygen saturation, and RAGE levels in COPD subjects.
Increasing numbers of epidemiological and clinical studies have highlighted concerns over the potential adverse health effects of particulate air pollutants. Particulate air pollutants (eg, PM 10 ) are associated with increased hospital admissions and mortality due to cardiopulmonary disorders. 15 Air pollution is recognized to be a potential risk factor for COPD; however, its exact role in the development of COPD is difficult to demonstrate. Mehta et al 16 evaluated the association between occupational exposure to PM and the incidence of COPD in the Swiss Cohort Study on Air Pollution and Lung and Heart Diseases in Adults. They showed that the incidence of COPD severity (at least moderate severity; GOLD stage II) was significantly associated with exposure to PMs. Therefore, in the present study, subjects with severe COPD (stages III and IV) were recruited to determine the adverse effects due to exposure to PM 10 . Additionally, healthy controls were enrolled in this study. The 1-year PM 10 exposure of the control group was compared to that of the COPD group, suggesting that 1-year PM 10 levels were similar between the groups. Additionally, COPD subjects had higher levels of 8-isoprostane, IL-6, and carbonyl oxidation in serum than those in the controls, suggesting that oxidative status and inflammation were persistent in COPD individuals.
COPD features air flow limitations that are not fully reversible and pathological changes in the proximal and peripheral airways, lung parenchyma, and pulmonary vasculature. 1 A decline in lung function is recognized to be a critical pathophysiological outcome caused by PM 10 . 17 The present study further identified the effects of PM 10 on RV/ TLC and D L CO in COPD subjects. We found that D L CO declined along with an increase in PM 10 levels, reflecting that PM 10 reduced the lung diffusion capacity of COPD patients. This finding is consistent with previous reports that D L CO reduction occurred with acute exposure to particulates in healthy smokers. 18 Generally, deposition of PM 2.5 in the lungs is higher in COPD patients and smokers compared to healthy nonsmokers, which could increase particle deposition and was proportional to the severity of obstruction. 18 The lung diffusion capacity, D L CO, provides a quantitative and qualitative assessment of pulmonary gas exchange across the alveolar-capillary membrane. In COPD patients, the D L CO can reflect alveolar-capillary membrane damage subsequent to emphysema and increased pressure in the pulmonary circulation or secondary to heart failure. 19 PM 10 -reduced D L CO in COPD may be due to more particle deposition in the airways and alveolar region, which causes transient interstitial edema to deteriorate in COPD subjects.
18 PM 10 -induced thickening of the blood-gas barrier can be explained by the reduction in D L CO in COPD; however, further investigation of the mechanisms underlying PM 10 -reduced D L CO is required in the future.
The D L CO is associated with impairments of exercise capacity and oxygen saturation and elevated inflammation in COPD. 20 Previous reports demonstrated that a decrease in the resting oxygen saturation was caused by exposure to concentrated ambient particles in healthy subjects, but the results were inconsistent in COPD patients. 21 The inconsistency could have been due to impairment of oxygen delivery in COPD; thus, determining the levels of oxygen desaturation in COPD may be appropriate for examining the effects of PMs. Measurement of exercise-induced oxygen desaturation is associated with the prognosis of COPD patients. 22 The 6-MWD test, for example, was suggested as a preferred measure for identifying COPD patients with exercise-induced oxygen desaturation. 23 Notably, we observed a trend of ΔSaO 2 decreasing with increased PM 10 levels during exercise in COPD subjects. Our findings suggest that inhaled particles interacted with small airways and/or the alveoli and subsequently damaged compensation of the oxygen transport. Chronic oxygen desaturation induced by PM 10 could cause systemic inflammation, elevating circulating IL-6 levels. We also found that circulating RAGE levels decreased with PM 10 exposure in COPD patients. RAGE is highly expressed only in the lungs at readily measurable levels but increases quickly at sites of inflammation, largely on inflammatory and epithelial cells. 24 Cheng et al 25 showed that lower circulating RAGE levels were associated with emphysema severity in COPD. RAGE expression was also linked to increasing levels of diesel particles and cigarette smoke; 26 however, we observed that circulating RAGE concentrations were negatively correlated with PM 10 . More experimental studies are required to determine the RAGE mechanisms in response to PM 10 exposure.
We observed that levels of circulating ubiquitin and beclin 1 were significantly associated with PM 10 in patients with severe COPD. COPD is a persistent oxidative inflammatory disease, which causes reactive oxygen species (ROS) imbalances that consequently oxidize/modify proteins. 27 Particles have the potential to pass through the lung environments, and en route, cause ROS imbalances due to particulate physicochemistry. These ROS-related parameters cause inflammation via disrupting the function of mitochondria or nicotinamide adenine dinucleotide phosphate-oxidase and activation of inflammatory cells. 28 Free radicals and oxidants on particle surfaces can traverse to nuclei or initiate free radical chain reactions that damage surrounding proteins. 29 Some forms of oxidized proteins are degraded by the ubiquitin-proteasome pathway. 30 An accurate and functional ubiquitin-proteasome system is required for cells to mitigate higher oxidative stress. Moreover, the activity of the ubiquitin-proteasome system is modulated by the cellular redox status. 31 A previous study showed that cigarette smoke induced accumulation of polyubiquitinated proteins in soluble and insoluble protein fractions from the lungs, which suggested impairment of proteasome activity in the lungs of mice and in human epithelial cells. 32 Also, defective proteasomal protein quality control could exacerbate the detrimental effects of cigarette smoke in the lungs. 32 Mild or transient ROS activates the ubiquitination system and proteasome activity, and activation of the ubiquitin-proteasome system transiently enhances intracellular proteolysis. 33 Severe or sustained ROS may cause dysfunction of the ubiquitin-proteasome system, resulting in decreased intracellular proteolysis. 33 Thus, increased levels of ubiquitin conjugates in cells may be related to the degree of oxidative stress or severity in COPD. We found that only ubiquitin was associated with PM 10 in COPD, but this effect was not observed with proteasomes; the results imply that PM 10 can cause proteasome activity to deteriorate in severe COPD.
Ubiquitination function is a general tag for selective autophagy in mammalian cells. Autophagy is a regulated cellular mechanism for turning over proteins that is mediated by lysosomal-dependent processing. Beclin 1 (the mammalian homolog of yeast Atg6) is a major autophagic regulator that is associated with phosphatidylinositol 3-kinase (Vps34). 34 Alterations in autophagy were linked to COPD progression and daily activities in COPD patients. 35 Experimental in vitro studies also showed that PM upregulated autophagy expression such as beclin 1 in A549 cells. 36 Our study presented interactions between PM 10 and COPD that PM 10 triggers beclin 1 levels in severe COPD; however, the effects of PM 10 on ubiquitin and beclin 1 in COPD remain unclear.
To understand the effects of PM 10 on ubiquitin and autophagy in severe COPD, we then linked the PM 10 -related ubiquitin and beclin 1 to the D L CO, ΔSaO 2 , IL-6, and RAGE. The associations suggested that beclin 1 could be more correlated with the pathogenesis of COPD such as are D L CO, ΔSaO 2 , and RAGE. Poon et al 37 observed that autophagy may be a cellular mechanism that promotes airway remodeling and declines in lung function in asthma, consequently leading to inactivity due to oxygen desaturation. 35 In environments with limited oxygenation or nutrients, perpetual signaling through RAGE-induced survival pathways results in enhanced autophagy, and diminished apoptosis and necrosis. 38 RAGE and its isoforms have important roles in regulating metabolism, inflammation, and epithelial survival in stressful settings. Understanding the molecular structure and function of RAGE and its ligands in a setting of inflammation is critically important for understanding the role of the PM-related pathogenesis of COPD.
Conclusion
Autophagy may be an important regulator of PM 10 -related pathogenesis of COPD, which could cause deterioration of the lung diffusion capacity and oxygen saturation. Furthermore, RAGE may be another pathway regulating PM 10 -attributed severity of COPD. The limitations of the present study are the sex distribution (male dominated) of study subjects and the small sample size. Moreover, we used a weighted average to obtain 1-year PM 10 exposure based on the distance of the residence to PM monitoring stations, which may potentially underestimate exposure for patients who lived close to busy roads, or have other personal exposure from automobile traffic. Future studies are required to investigate the potential mechanisms underlying PM 10 exposure and determine the role of RAGE in PM 10 -phenotype COPD.
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